Abstract-The goal of this paper is twofold: to give a brief review of the latest research progress on electromagnetic modeling of vertical interconnects by using Foldy-Lax multiple scattering technique, to introduce a fast full-wave interconnect simulator, namely Foldy-Lax Via Tool, integrating all the extensions that recently have been made available. The kernel part of this novel approach is a mostly analytic algorithm which can significantly reduce the requirement of computational resources, making it suitable for the signal integrity analysis of a large number of vias and various via structures. We demonstrate this approach and the tool by simulating 64 vias including 18 pairs of differential-signaling vias and 18 ground vias in 8-layer board with layered and lossy dielectrics. The numerical results of signal attenuation and crosstalk are within 5% difference of accuracy up to 20 GHz compared with Ansoft HFSS. The CPU time of this tool is about three orders of magnitude faster than that of the HFSS.
INTRODUCTION
High speed vertical interconnects are among the key components for up-to-date 3D design and integration on chip-package-board [1] . With the ever-increasing clock rate, massively-coupled multiple vias, such as BGA, LGA, PTH, microvia and TSV, behave like efficient radiators, thereby introducing significant electromagnetic interference and signal integrity issues. The segmented via analysis with local parametric optimization is important before going into further integration. However, simple approximations, such as physical and lumped models, are inaccurate due to their incapability of including all the couplings among multiple vias. On the other hand, the network analyzer has difficulties on hardware characterization of the complete network with many ports.
Since 2001, we have used a full wave and mostly analytic method, based on the Foldy-Lax equations for multiple scattering technique, to model the randomly-positioned vias in high speed interconnect circuits [2] [3] [4] [5] . In this paper, we give a brief description of the kernel algorithm. Then we review some important extensions. A recently developed 3D interconnect simulator is introduced and demonstrated. Comparisons are made between commercial software and hardware measurements [6] .
FOLDY-LAX EQUATION FOR MULTIPLE SCATTERING TECHNIQUE
Via cylinders are modeled as conducting cylindrical scatterers between two parallel plates ( Figure 1) . In order to capture the multiple scattering among the vias (dashed arrows in Figure 1) , we model the cylindrical scatterers using a cylindrical wave expansion of dyadic Green's functions G in terms of waveguide modal solutions. Based upon the magnetic Green's functions, we excite this parallel waveguide structure using a voltage source at the port, which is equivalent to a magnetic current ring source M s at the antipad (solid circular arrows in Figure 1 ). The surface currents I on the cylinders (white arrows in Figure 1 ) are then calculated from the magnetic field H.
The final excitation magnetic field on cylinder p is,
where w
are the exciting field coefficients to be solved by Foldy-Lax multiple scattering equations. The Foldy-Lax multiple scattering equations state that the final exciting field of cylinder q is equal to the incident field plus the scattering fields from all other cylinders. Finally, we get the current on the pth cylinder using solved w
For multilayered problems, we can get the cascaded transmission (ABCD) matrix by multiplying the transmission matrices of each layer [4] . This cascading method may miss some cross-layer couplings when vias are positioned closely or the antipads are shared in the middle plane. To analyze cases where there are ground vias around signal vias, the Y matrix corresponding to the signal vias is extracted from the entire Y matrix. Using this method, we do not consider any specific path for the return current. Since the ground/power plane is very large, the displacement currents between the parallel planes become dominant and are distributed all over the planes. For vias placed closely to others, we need to include the higher-order parallel waveguide modes, l > 0, in order to ensure the accuracy. In general, when pitch, via center-to-center distance, is smaller than the length of via, it is advised to add the solutions of higher-order modes. The suggested value for l max is given by,
where d is the via length and ρ is pitch. After considering the higher-order parallel waveguide modes, the crosstalk at the near end of via-pair begins to defer from the crosstalk at the far end. The near-end crosstalk is usually stronger than the far-end crosstalk. To improve the accuracy of the insertion loss, it is advised to add the self-via correction term with L max for the diagonal Y matrix.
MODELING ARBITRARY SHAPE OF PAD AND ANTIPAD
For modeling via with arbitrary shape of pad and antipad, the finite difference method (FDM) is applied to solve the potential distribution and to numerically calculate the magnetic frill current sourceM s . The general expression of incident field coefficient a
and the magnetic modal solutions of the parallel waveguidem −n are given in paper [7] . For a typical concentric via inside the circular antipad,M s has a closed-form expression. But for the arbitrary shape of pad and antipad,M s can only be expressed numerically. Then a T M (q) ln is calculated using a numerical 2D integration.
We use only 0th order cylindrical harmonic for calculating the incident field coefficient, which means n = 0 andm −n does not have theρρ ρq direction component. That is why in (7),M s (ρ ) has only theφρ ρq direction frill component. The numerical technique of band matrix iterative method can be used in Matlab coding for efficient and accurate calculation [8] . For the incident field onto other vias, j = q, we can numerically calculate the field coefficients as well.
This FDM based numerical technique can be adopted to treat any arbitrary shape of pad and antipad at the via-end (Figure 2 ).
MODELING DIFFERENTIAL VIA-PAIR IN SHARED ANTIPAD
For differential signaling scheme, which provides good immunity to the environment noise, via-pair is usually drilled in shared antipad [9] . We can use FDM to numerically calculate the equivalent magnetic current source by putting positive unit voltage on one pad and negative on the other (Figure 3(a) ).
The accuracy and stability of the finite different solution is carefully controlled by optimizing the meshing scheme. As the shared antipad becomes large or is in irregular shape, the artificial boundaries created by the meshing scheme become impractical for describing the whole domain of the real object (Figure 3(b) ). This is mainly caused by the cylindrical coordinate system formerly adopted in the Foldy-Lax scattering techniques. We have to generate more intervals on θ direction than on ρ direction, enforcing ρ∆θ close to ∆ρ, in order to maintain a normal shape for the meshing element on every corner. Using finer meshes, by reducing the meshing size, leads to the decrease of the discretization error on the physical side. But this refinement solution may create some roundoff errors in numerical calculations. We reach a point where the minimum total error occurs for a particular algorithm on a specific structure (Figure 3(c) ). 
FOLDY-LAX VIA TOOL AND DEMONSTRATION
Based upon the Foldy-Lax multiple scattering approach, we developed the Foldy-Lax Via Tool [11], a fast full wave 3D interconnect simulator for electromagnetic modeling massively-coupled multiple vias in multilayered and lossy electronic packaging. The current version provides a graphical user interface and several extended functions that recently have been made available. The Foldy-Lax Via Tool was tested for all the structures in the previous publications [2, 4, 7, 9, 10] . Results are within 5% difference of accuracy up to 20 GHz compared with Ansoft HFSS. The required CPU of using this tool is about three orders of magnitude faster than that of the HFSS. This tool was sent to Intel and IBM for further verification and hardware benchmarks [6] .
Here we demonstrate a case of 64 vias including 18 pairs of differential-signaling vias and 18 ground vias in 8-layer board with layered and lossy dielectrics (Figure 4 The insertion loss of differential mode on a corner via pair is shown in Figure 6 (a). Figure 6 (b) illustrates the far end crosstalk (FEXT) of differential mode onto an ex-neighboring via pair. It shows that the insertion loss of differential mode on a corner via pair (0.26 dB at 20 GHz) is smaller than that on a center via pair (0.32 dB at 20 GHz). The FEXT is increased to around −30 dB as frequency goes 20 GHz. The FEXT of differential mode on the neighboring via pairs (−28.6 dB at 20 GHz) is stronger than that on the ex-neighboring via pairs (−31.5 dB at 20 GHz). This is mainly due to the smaller separation between the neighboring via pairs.
